Previous research demonstrated that sperm mobility, i.e., the net movement of a sperm population, is a quantitative trait of the domestic fowl. However, the cellular basis for this trait was unknown. In the present work, individual motile sperm were evaluated with a Hobson SpermTracker in order to identify one or more properties of motile sperm that could account for variation in sperm mobility observed among males. A method was validated for assessing sperm motion over an erythrocyte monolayer at body temperature. A small-scale experiment with roosters from the tails and center of a normal distribution of sperm mobility phenotypes (n ‫؍‬ 33 roosters) demonstrated that straight line velocity (VSL) and motile concentration were critical to expression of phenotype. The importance of these variables was confirmed with a large-scale experiment using a representative subpopulation (n ‫؍‬ 100 roosters). VSL of individual sperm at 41؇C ranged between 5 and 100 m/sec. VSL averaged 32, 39, and 40 m/ sec for low, average, and high sperm mobility phenotypes. Sperm were diluted to 1.2 ؋ 10 6 /ml for motion analysis. Mean motile concentrations were 0.52, 0.84, and 0.95 ؋ 10 6 /ml for low, average, and high sperm mobility phenotypes. Motile concentration was correlated with sperm mobility (r ‫؍‬ 0.71). VSL appeared to have an additive effect as it was correlated with straightness of sperm cell trajectory (r ‫؍‬ 0.79).
INTRODUCTION
Sperm penetration of an Accudenz solution can be used to categorize roosters according to the mobility of their sperm at body temperature [1] . Accudenz (Accurate Chemical & Scientific Corp., Westbury, NY) is a nonionic, biologically inert cell separation medium. When a sperm suspension is overlaid on 6% (w:v) Accudenz in a polystyrene cuvet, a distinct interface forms because of the difference in density between the two media. After a 5-min incubation interval, the absorbance of the Accudenz solution is proportional to the number of sperm that have entered the Accudenz layer. When males within a population are categorized by their sperm mobility scores, observed frequencies approximate normal distributions. Consequently, sperm mobility is a quantitative trait [2] . To date, sperm mobility has been shown to be a primary determinant of fertility [3] and male fitness [4] in the domestic fowl. However, the cellular basis underlying phenotypic expression was unknown. Preliminary computer-assisted sperm motion analysis demonstrated that sperm mobility phenotype, in part, depended upon sperm velocity [3] . While this difference was consistent with phenotypic differences in sperm ATP content [2] and oxygen consumption [3] , we suspected that straight line velocity (VSL) alone could not account for the variation in sperm mobility observed among males. Our initial attempt at computer-assisted sperm motion analysis [3] required the use of a nonconventional experimental method, i.e., the inclusion of a basal erythrocyte monolayer within the sample chamber. Otherwise VSL declined rapidly at body temperature. Therefore, our first experimental objective was to validate the utility of an erythrocyte monolayer for motion analysis of fowl sperm. Our second objective was to determine whether one or more properties of individual motile sperm could be identified that might account for the variation in sperm mobility observed among roosters within random-bred populations.
MATERIALS AND METHODS

Experimental Animals
Sperm mobility of random-bred New Hampshire roosters (n ϭ 242) was determined according to Froman et al. [3] . On the basis of a single score, each 27-wk-old male was assigned to one of 11 frequencies, and the KolmogorovSmirnov test for goodness of fit [5] was used to determine whether observed frequencies approximated a normal distribution. Estimates of the mean and standard deviation were used to calculate the normal probability density function [6] , and roosters were ranked by their sperm mobility scores.
Effect of Erythrocyte Monolayer
A paired comparison was conducted with an ejaculate from each of 7 high sperm mobility phenotype roosters, i.e., roosters whose sperm mobility scores were Ͼ 1 standard deviation above the population mean. Immediately after a rooster was ejaculated, 3 ml of blood was withdrawn from the right cutaneous ulnar vein into a heparinized Vacutainer tube (Fisher Scientific, Santa Clara, CA). When samples arrived in the laboratory, sperm concentration was determined with a spectrophotometer [2] , and 100 l of blood was mixed with 900 l 50 mM N-tris-[hydroxymethyl]methyl-2-amino-ethanesulfonic acid (TES; Sigma Chemical Co., St. Louis, MO), pH 7.4, containing 128 mM NaCl and 2 mM CaCl 2 (TES-buffered saline). A 50-l volume of semen was diluted to a concentration of 5 ϫ 10 8 sperm/ml with TES-buffered saline. Then, a 3-l volume of the sperm suspension was mixed with 1.247 ml TESbuffered saline prewarmed to 41ЊC. Immediately thereafter, a 7-l sample was placed within a prewarmed MicroCell (50 m chamber depth; Conception Technologies, San Diego, CA). During sperm motion analysis, the sperm suspension containing 5 ϫ 10 8 sperm/ml was held at room temperature. Once the initial sperm motion analysis in a pair was completed, a 125-l volume of the 1:10 dilution of blood was mixed with 1.122 ml of prewarmed TESbuffered saline. Then, a 3-l sample of the sperm suspension was added, and a 7-l sample was placed within a second MicroCell chamber. In summary, sperm were diluted to a final concentration of 1.2 ϫ 10 6 sperm/ml. However, control sperm were diluted with TES-buffered saline alone, whereas treated sperm were diluted with the equivalent of a 1:100 dilution of blood in TES-buffered saline. Sperm motion was analyzed at 41ЊC with a Hobson SpermTracker (Biogenics, Napa, CA). A 4ϫ bright-field objective was used under a pseudo dark-field condition generated with a Ph3 annular phase ring. The search radius was 9.00 m. The focal plane was immediately above the erythrocyte monolayer. A stationary field in the center of the MicroCell measuring 840 m ϫ 500 m was evaluated over a 10-min interval. Minimum track time was set at 1.2 sec. Repeated measurements (n ϭ 14 per sample) were made using a 30-sec sampling interval and a 15-sec pause between intervals. Replicate observations of VSL for treated sperm were evaluated with the method of least squares [7] .
Effect of Minimum Track Time
A sperm sample from a single rooster characterized with average sperm mobility was prepared for motion analysis over an erythrocyte monolayer as outlined above. The MicroCell was loaded, and a stationary field in the center of the chamber was videotaped for 2 min after a 90-sec delay. This footage was used to evaluate the effect of minimum track time on both track number and VSL. Data were collected in an iterative manner starting with a minimum track time of 0.4 sec. Minimum track time was increased in increments of 0.2 sec to 3.0 sec. Maximum track time was held constant at 5 sec. When track number was plotted as a function of minimum track time, data points approximated an exponential function. Therefore, the parameters of y(x) ϭ ␤e Ϫ(x) were estimated by iterative least squares (Statistical Analysis Systems for Windows, Version 6.12). Likewise, when VSL was plotted as a function of minimum track time, data points approximated a series of intersecting straight lines. The y-intercept and slope of each relationship was estimated by the method of least squares [7] .
Experiment 1
A small-scale analysis of sperm motion was conducted with males selected from the tails and center of the distribution shown in Figure 4 (n ϭ 11 males per region). Sperm mobility phenotype was confirmed for each male [2] . Computer-assisted sperm motion analysis was performed as outlined above. In each case, the erythrocyte monolayer was formed with the test subject's erythrocytes. Minimum and maximum track times were 1.6 sec and 2.6 sec, respectively. Data collection commenced 1 min after the MicroCell was filled, and 7 replicate measurements were made at different sites within the MicroCell. The sampling interval was 45 sec with a 15-sec pause between intervals.
Preliminary graphical analysis revealed that motile concentration decreased during the interval in which the first two replicate observations were made. Repeated-measure analysis based on the remaining 5 replicate observations per male (Table 1 ) demonstrated that motile concentration was independent of time (P Ͼ 0.05) after the initial decline. Likewise, a phenotype by time interaction was not observed (P Ͼ 0.05). Therefore, estimates of SpermTracker variables were based on an average of 5 replicate observations per variable per male. Sperm mobility, motile concentration, and VSL were analyzed by single-classification ANOVA [8] .
Experiment 2
A large-scale analysis of sperm motion was conducted with males (n ϭ 100) within a representative subpopula-FIG. 2. VSL of fowl sperm at body temperature estimated in the presence and absence of an erythrocyte monolayer. Semen donors (n ϭ 7) were categorized a priori as high sperm mobility phenotypes. Sperm from each ejaculate were diluted to 1.2 ϫ 10 6 sperm/ml in either TES-buffered saline (circles) or the equivalent of a 1:100 dilution of blood (triangles), using TES-buffered saline as the diluent. Analyses were performed in MicroCells with a chamber depth of 50 m. Erythrocytes within sperm suspensions formed stationary monolayers on the bottom of sample chambers once filling was complete. Data points represent means Ϯ SEM. tion. This experiment was performed as described above with two exceptions. First, motion analysis commenced immediately after each MicroCell was loaded, and five replicate fields were evaluated for 45 sec with a 15-sec pause between intervals. Second, while SpermTracker data were collected with an erythrocyte monolayer, a single male, chosen at random each day, served as the sole source of erythrocytes each day. A randomized complete block design [9] was used to test for a blood donor effect. No donor effect was observed (P Ͼ 0.05). Therefore, data were pooled by sperm mobility phenotype before single-classification ANOVA [8] . A posteriori correlation analysis [10] was performed between beat cross frequency and VLS, the logit transform of sperm track straightness (STR), in which each logit was equivalent to the quantity ln [(STR)/(1 Ϫ STR)], and motile concentration and sperm mobility.
RESULTS
Experimental Animals
Frequencies of males categorized by single sperm mobility scores are shown in Figure 1 . Scores ranged from 0.008 to 0.990 absorbance units. The population mean and standard deviation were estimated to be 0.378 and 0.1924 absorbance units, respectively. The hypothesis that observed frequencies approximated a normal distribution was not rejected (P Ͼ 0.05).
Effect of Erythrocyte Monolayer
Consecutive estimates of VSL at 41ЊC in the presence and absence of an erythrocyte monolayer are plotted in Figure 2 . On the basis of mean values, VSL decreased by 89% over a 10-min sampling interval when sperm were suspended in TES-buffered saline. In contrast, VSL appeared to be independent of time when an erythrocyte monolayer was present. When individual data points in the treatment group were evaluated by least squares, the following linear relationship was obtained:
The slope, ␤ ϭ Ϫ0.4673, did not differ from zero (P Ͼ 0.05). Therefore, the erythrocyte monolayer maintained VSL over a sampling interval of Յ 10 min.
Effect of Minimum Track Time
Minimum track time affected the estimation of VSL (Fig. 3) . When minimum track time was Յ 1.2 sec, VSL was overestimated. In contrast, VSL was underestimated when minimum track time exceeded 2.4 sec. However, VSL was independent of time when minimum track time was between 1.2 and 2.4 sec. Choice of minimum track time also affected track number accrued during the sampling in- * Based on a sample of 33 roosters selected from the tails and center of a normal distribution of sperm mobility scores. † Track denotes a computer-generated path based upon a framing rate of 60 frames per second. terval (Fig. 3) . Neither track number nor VSL was affected by maximum track time.
Experiment 1
As shown in Table 2 , the coefficient of variation (CV) for sperm mobility was 60% on the basis of a set of males (n ϭ 33) representing the tails and center of a normal distribution (Fig. 4) . Motile concentration and VSL were the two SpermTracker variables with the greatest coefficients of variation ( Table 2 ). Phenotypic differences in motile concentration and VSL are shown in Table 3 . In each case, mean values associated with the high sperm mobility phenotype were greater than those of the average phenotype, which in turn were greater than those of the low phenotype.
Experiment 2
The mean sperm mobility and standard deviation for the subpopulation (n ϭ 100 roosters) were 0.469 and 0.1995 absorbance units, respectively. Mean motile concentration and VSL of sperm from males categorized by sperm mobility phenotype are shown in Table 4 . Once again, a stepwise phenotypic effect (P Ͻ 0.01) was observed for motile concentration, i.e., 0.95, 0.84, and 0.52 ϫ 10 6 sperm/ml for high, average, and low sperm mobility phenotypes, respectively. While mean VSL was approximately 40 m/sec for the high and average sperm mobility phenotypes, the mean VSL of 32 m/sec for low sperm mobility males was lower (P Ͻ 0.01). As found in Experiment 1, motile concentration initially decreased with time, and this effect was independent of sperm mobility phenotype (Fig. 5) . A posteriori correlation analysis demonstrated that beat cross frequency and VSL were highly correlated (r ϭ 0.97; Fig. 6 ). Likewise, VSL and sperm trajectory were correlated (r ϭ 0.79; Fig. 7 ). Whereas motile concentration and VSL were unrelated (r ϭ 0.18; data not shown), motile concentration and sperm mobility were correlated (r ϭ 0.71; Fig. 8 ).
DISCUSSION
Our overall experimental objective was to identify one or more properties of individual motile sperm that would account for the variation in sperm mobility observed among roosters within random-bred populations. A preliminary experiment [3] demonstrated that VSL was one such variable. VSL averaged 44 m/sec for males whose sperm mobility scores were in excess of 1 standard deviation above a population mean. In contrast, VSL averaged 34 m/sec for males with mobility scores between the population mean and 1 standard deviation below the mean. While this dif- ference in VSL was promising, it was also problematic. First, we used an unorthodox approach for computer-assisted sperm motion analysis, i.e., inclusion of an erythrocyte monolayer in the sample chamber. Second, whereas the CV for sperm mobility was 47% in our preliminary experiment, the CV for VSL was only 23%. Therefore, it seemed unlikely that VSL alone could account for the variation in sperm mobility observed among males.
The sperm mobility assay [1] uses TES-buffered saline as both a diluent for sperm and a solvent for Accudenz. Consequently, 50 mM TES, pH 7.4, containing 128 mM NaCl and 2 mM CaCl 2 was the medium of choice for measuring the motile properties of individual sperm. However, when sperm were diluted to concentrations suitable for computer-assisted sperm motion analysis in preliminary work, VSL decreased with time. Consequently, our experimental approach was tempered by the following argument: if computer-assisted motion analysis could be conducted so that sperm motion was independent of time, then phenotypic comparisons could be made without artifact. The efficacy of an erythrocyte monolayer in the MicroCell sample chamber is illustrated in Figure 2 . Erythrocytes settled to the bottom within seconds and were not perturbed by motile sperm. We attribute the ameliorating effect of blood to erythrocytes rather than to blood plasma components, for the blood plasma was diluted 100-fold. In this regard, fowl sperm do not require an exogenous energy source to be motile at body temperature [2] . In previous work [2, 3] , we reported that sperm from roosters categorized by high sperm mobility had a two-fold difference in both stearoylcarnitine and ATP content relative to average males. ␤-Oxidation of fatty acids is an oxygen-dependent process. Therefore, we attribute the erythrocyte effect to oxyhemoglobin.
The experiment illustrated in Figure 2 was performed with males categorized a priori as high sperm mobility phenotypes (Fig. 4) . We noticed that treated sperm VSL averaged about 55 m/sec, appreciably higher than the 44 m/sec observed previously for the high sperm mobility phenotype [3] . Having arbitrarily reduced minimum track time from 1.6 to 1.2 sec, we inferred that estimation of VSL was dependent upon minimum track time. As shown in Figure 3 , choice of minimum track time could result in an overestimation, a conservative estimation, or an underestimation of VSL. In contrast, estimation of VSL was unaffected by maximum track time when this variable ranged between 2 and 5 sec (data not shown). Unlike VSL, track number increased exponentially as minimum track time decreased (Fig. 3) . We attributed this effect to repeated sampling of individual sperm. In summary, we chose to perform subsequent motion analyses with a minimum track time of 1.6 sec, for this setting afforded a conservative estimate of VSL while minimizing the probability of repeated sampling.
Our first comparative sperm motion analysis entailed the study of sperm mobility phenotypes from the tails and center of a normal distribution (Fig. 4 ). Data were collected over the course of a 7-min interval. As explained in the Materials and Methods, motile concentration decreased during the first 2 min of data collection even though VSL was independent of time. On the basis of the outcome of a preliminary ANOVA (Table 1) , data were limited to the 5-min interval in which motile concentration was also independent of time. We concluded that VSL and motile concentration had the greatest interpretive value of the 20 variables provided by the Hobson SpermTracker per analysis. As evidenced by coefficients of variation (Table 2) , neither average path velocity nor curvilinear velocity varied enough to account for differences in sperm mobility. Furthermore, the nucleus of a motile fowl spermatozoon moves helically around the cell's progression axis [11] , and SpermTracker velocity estimates are based upon the movement of the sperm head. Both average path velocity and curvilinear velocity are computer-generated, two-dimensional constructs of a three-dimensional phenomenon. Thus, VSL is the most accurate estimate of sperm cell velocity. However, motile concentration appeared to be the most important variable as evidenced by the magnitude of its coefficient of variation relative to that of sperm mobility (Table 2) .
Our second sperm motion analysis used a representative subpopulation of roosters (n ϭ 100) with the preceding instrumental constraints and phenotypic differences in mind. As shown in Table 4 , the experimental outcome, in particular, the relative differences in motile concentration among sperm mobility phenotypes, was comparable to that of the preceding small-scale study (Table 3) . In contrast to the small-scale experiment (Table 3) , data from the largescale study were collected during a 5-min interval that began within seconds of loading each MicroCell. The initial diminution of motile concentration was observed once again (Fig. 5) . However, we used data from this time frame for the following reasons. First, we wanted a direct comparison to the time frame in which the sperm mobility assay was performed. Second, as shown in Figure 5 , this effect was least and most pronounced with sperm from high and low mobility phenotypes, respectively. Therefore, we hypothesized that the effect might be indicative of a differential ability to withstand dilution as opposed to an artifact.
Fertility in the domestic fowl has been shown to be a function of sperm mobility [3] . Before the present research, we assumed that sperm mobility in vitro was predictive of sperm mobility in vivo because sperm move against resistance in either case. However, we realized that net movement of sperm into an Accudenz solution also constitutes a net dilution of sperm. Approximately 70% of the fatty acids associated with fowl sperm are unsaturated or polyunsaturated fatty acids [12] . Wishart [13] demonstrated that susceptibility to lipid peroxidation in fowl sperm differs among males. Therefore, in spite of the superoxide dismutase and glutathione peroxidase activity in fowl sperm [12, 14] , oxygen toxicity might be a concomitant of dilution. In this regard, it is noteworthy that our computer-assisted sperm motion analysis entailed measuring the motile properties of widely dispersed sperm as they moved over a facsimile of a living surface at body temperature.
A posteriori correlation analyses were performed for two general purposes. First, we wanted to test the reliability of the instrument. We expected beat cross frequency, defined as the number of times the sperm head crosses the progression axis per second, to be proportional to VSL. This relationship was confirmed (Fig. 6 ). Our second reason for performing correlation analyses stemmed from the apparent association between certain variables. As shown in Figure  7 , there was a tendency for sperm to follow a straighter trajectory as VSL increased (r ϭ 0.79). Consequently, rapidly moving sperm may be more effective as self-propelled DNA delivery vehicles than more slowly moving sperm. Even so, the correlation between motile concentration and sperm mobility (r ϭ 0.71; Fig. 8 ) corroborated our conclusion that motile concentration was the most important property that can reasonably account for the variation in sperm mobility among males within a population.
In conclusion, the high acylcarnitine content, ATP content, and oxygen consumption of sperm from high sperm mobility males [2, 3] is consistent with the relatively large number of rapidly moving sperm associated with such males in the present work. Because the degree of association between motile concentration and VSL was low (r ϭ 0.18), sperm mobility may be affected by three independent variables. Before ejaculation, sperm are immotile [15] . Detection of stearoylcarnitine in motile sperm [3] implicates a role for phospholipase A 2 in the release of stearic acid as an endogenous substrate. Therefore, initiation of motility at ejaculation may depend, in part, upon activation of phospholipase A 2 . After insemination, sperm undergo extreme dilution on the epithelial surface of the hen's vagina as they move towards the oviduct's sperm storage tubules [16] . Therefore, mitochondrial ATP synthesis and resistance to oxygen toxicity may be additional critical variables affecting sperm mobility.
